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Introduction 


As a biological tissue, muscle adapts to the demands of usage. One traditional way 
of assessing the extent of this adaptation has been to examine the effects of an altered- 
activity protocol on the physiological properties of muscles. However, in order to 
accurately interpret the changes associated with an activity pattern, it is necessary to 
employ an appropriate control model. There exists a substantial literature which reports 
altered-use effects by comparing experimental observations with those from animals 
raised in small laboratory cages (e.g., Steffen and Musacchia, 1984; Templeton, Padalino, 
Manton, Glasberg, Silver, Silver, DeMartino, Le Coney, Klug, Hagler, and Sutko, 1984). 
Some evidence suggests that small-cage-reared animals actually represent a model of 
reduced use. For example, laboratory animals subjected to limited physical activity have 
shown resistance to insulin-induced glucose uptake which can be altered by exercise 
training (Mondon, Dolkas, and Reaven, 1983). 

This project concerned the basic mechanisms underlying muscle atrophy. 
Specifically, the project addressed the issue of the appropriateness of rats raised in 
conventional-sized cages as experimental models to examine this phenomenon. The 
project hypothesis was that rats raised in small cages are inappropriate models for the 
study of muscle atrophy. The experimental protocol involved: (1) raising two populations 
of rats, one group in conventional (small)-sized cages and the other group in a much larger 
(133x) cage, from weanling age (21 days) through to young adulthood (125 days); (2) 
comparison of size- and force-related characteristics of selected test muscles in an acute 
terminal paradigm. 
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Methods 


Housing 

Male and female Sprague-Dawley rats were raised from weanling age (21 days) for 
89-156 days (X ± = 141 ± 17) in either of two sized cages. The small-cage animals were 
raised in conventional small laboratory cages (20 cm x 47 cm x 25 cm, 3-5/cage). The 
large cage provided approximately 133x more usable surface area (floor and 4 cage walls) 
for the animals and included climbing structures and exercise wheels. The activity of 
neither group of animals was monitored. The rats were provided with food and water ad 
libitum. 

Two batches of animals were studied. In the first group (Batch 1), the males were 
raised and studied first; the females were procured subsequently. In the second group 
(Batch 2), the males and females were obtained at the same time and raised concurrently 
although in separate cages. By chance, but of subsequent relevance, the two batches were 
raised in two different buildings. All other details of the experiments were identical for 
the two groups. 

Preparation 

Terminal experiments were performed with the rats under halothane anesthesia. 
The anesthesia was delivered via a face mask, initially at a concentration of 4% and flow 
rate of 5 L/min. Following intubation of the trachea, anesthesia was maintained at a 
pain-free level for the extent of the experiment at halothane concentration of 1-2% as 
needed in a 50% N2O-50% O 2 mixture with a total flow of 0.6 L/min. Respiration rate 
(90-120 breaths/min), percent expired CC> 2 > and rectal temperature (35-37°C) were 
monitored and adjusted to maintain homeostasis throughout the experiment. The left 
soleus and extensor digitorum longus muscles were surgically isolated by removing 
overlying and adjacent musculature. All branches of the sciatic nerve were transected 
near the hip, and those branches innervating soleus (soleus muscle nerve) and extensor 
digitorum longus (lateral peroneal nerve) were isolated for subsequent stimulation. 
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The animal was secured in a rigid frame, and the left hindlimb was clamped with the 
knee at an angle of about 120 degrees. The test muscles were maintained in vivo in a 
paraffin oil-filled bath at a temperature of 36 ± 1°C. 

Recording Procedures 

The test muscles were activated with a monopolar, stainless-steel, hooked wire 
electrode (referred to a similar electrode in an adjacent denervated muscle) by 
supramaximal cathodal stimulation (3-5x threshold, 0.1 ms square waves) of their nerves. 
The force elicited by such activation was measured by a force transducer that was 
attached to the tendon of the muscle by a low-compliance ( <0.03 ym/N/cm) dacron line 
(X + SD length = 15.6 ± 1.3 cm). The whole-muscle electromyogram (e.m.g.) was measured 
with a spring-mounted, flexible, -.stainless-steel, intramuscular electrode (18 mm long, 
120 ym thick, 40 ym tip) that was thrust into the distal one-third of the muscle, 
perpendicular to the long axis of the muscle. The intramuscular electrode was referred to 
a similar electrode placed in an adjacent denervated muscle. 

Preliminary experiments indicated that the optimum muscle length for peak twitch 
force, for both soleus and extensor digitorum longus, was achieved when the muscle was 
stretched to exert a passive force of 0.15 N. Throughout the test, the length of the test 
muscle was altered to sustain a passive force of 0.15 N. No attempt was made to 
determine length-tension relationships during the present experiments for fear of fatiguing 
the muscle. 

Experimental Protocol 

Each muscle was activated separately with the following 5-step protocol: (1) 32 
twitches at 0.5 Hz were elicited by stimulation of the nerve to both evaluate and 
circumscribe the effects of treppe; (2) a single tetanus of 100 Hz for 500 ms to determine 
tetanic force (this stimulation elicited approximate peak force in soleus, but stimulation 
rates of 250 Hz are required to elicit peak force in extensor digitorum longus (Close, 
1964); (3) a 6-min application of a standardized stimulus regimen (Burke, Levine, Tsairis, 



and Zajac, 1973) which involved repetitive intermittent stimulation (40 Hz) of the nerve 
with trains of 13 stimuli, each train lasting 330 ms and occurring once each second to 
evaluate fatigability; (4) 8 twitches at 0.5 Hz to evaluate the effects of the fatigue test on 
twitch force; and (5) two 100 Hz tetani, 10 s apart to evaluate the effects of the fatigue 
test on tetanic force. Approximately five seconds elapsed between consecutive phases of 
the protocol. The stimulus protocol was controlled with a small laboratory computer. 
Data were recorded on-line with the computer and on FM magnetic tape for a more 
detailed off-line analysis. 

The animal was then terminated with an intracardiac injection of magnesium 
sulfate. The two test muscles were removed, frozen in isopentane cooled to its melting 
point, and stored at -70°C for subsequent histochemical analysis. 

Data Analysis 

Age and body weight were recorded for each rat at the time of the physiological 
experiment. 

Physiological. The issues addressed in the first full-length paper (see Results) 
concern the affects of cage-size and gender on the force production capacity of the two 
test muscles as revealed by the above stimulation protocol. Each twitch was 
characterized by determining the peak force (N), time-to-peak force (ms), and half- 
relaxation time (ms). The peak force (N) was determined for each of the three 100 Hz 
tetani. For the 360 trains of the fatigue test, peak force, time-to-peak force, and two 
relaxation times (i.e., time for decay of force from 90% to 50% and from 50% to 20%) 
were determined. The Fatigue Index was defined as the peak force of the 360th train of 
the fatigue test expressed as a percent of the peak force of the initial train. 

The e.m.g., which comprised the action potentials associated with each train of 
stimuli, was represented by the averaged waveform, and quantification was based on this 
average waveform. Measurements on the average waveform included four measures of 
amplitude, four of duration, and area, each of which reveals different features of muscle 
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action-potential generation, and propagation. The e.m.g. measurements are defined in the 
following manner: (1) absolute peak-to-peak amplitude, the magnitude of the difference 
(mV) between the absolute maximum and minimum; (2) first peak-to-peak amplitude, and 
magnitude of the difference (mV) between the maximum of the initial positive phase and 
the minimum of the subsequent negative phase; (3) mean amplitude, the ratio (mV) of area 
to waveform duration; (4) "mean" amplitude, the ratio (mV) of area to peak-to-peak 
duration; (5) baseline-to-baseline duration, the time (ms) from the beginning to the end of 
the waveform where the beginning and end are defined as a 5% deviation of the waveform 
from the preceding and succeeding baselines; (6) peak-to-peak duration, the time (ms) 
between the maximum of the initial positive phase and the minimum of the subsequent 
negative phase; (7) peak-to-peak rate, the average rate (mV/ms) of change between the 
initial positive-phase maximum and the negative-phase minimum; (8) normalized peak-to- 
peak rate, the reciprocal (1/ms) of peak-to-peak duration; (9) area, the integral (mV*ms) 
of the e.m.g. waveform where the beginning and end are defined for the measurement of 
baseline-to-baseline duration. 

Histochemical. Serial frozen sections (10 pm in thickness) from the middle one- 
third of the muscle belly were cut, with alternate sections stained for succinate 
dehydrogenase (SDH) according to a modification of the methods of Pette and colleagues 
(Pette, Wasmund, and Wimmer, 1981;. Pette, 1981) or myosin ATPase (pH 9.3 and 4.3) 
according to the methods of Guth and Samaha (1972). The fiber-type composition of the 
muscles was determined by classifying approximately 300 fibers per muscle (range = 265- 
368) located in the more central region of the cross section. Fibers were classified 
according to the nomenclature of Peter, Barnard, Edgerton, Gillespie, and Stempel (1972): 
SO (slow, oxidative) fibers stained light for myosin ATPase (using the alkaline 
preincubation) and intermediate to dark for SDH; FOG (fast-contracting, oxidative, and 
glycolytic) fibers stained dark for both ATPase and SDH; and FG (fast-contracting, 
glycolytic) fibers stained dark for ATPase but light for SDH. The relative percent 
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contribution of each fiber type was determined by dividing the number of fibers of a given 
type by the total number of fibers counted in that muscle and then multiplying by 100. 
These values represent the average of results from two independent observers. In 
addition, a subset of these fibers (70-100 fibers/muscle) were characterized in more detail 
through the use of a computer-assisted image processing system (made available by Dr. 
V.R. Edgerton, Department of Kinesiology, UCLA). This involved a microphotometric 
analysis of SDH activity according to the methods of Castleman, Chui, Martin, and 
Edgerton (19S4) and determination of cross-sectional area. 

To test for significant effects due to cage-size, gender, or batch, a multiple analysis 
of variance was used. A Newmann-Keuls comparison was used for post-hoc analysis with 
the critical value for significance of p <0.05. Statistical differences in fatigability were 
assessed with single and multiple linear regression analyses and with an analysis of 
variances. 
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Results 


The experimental results accumulated during this three-year project have been 
reported to the scientific community in two formats: (1) as ten abstracts presented at 
meetings of national and international societies; and (2) as five full-length papers. For 
this report, the abstract citations are listed, and the abstracts are attached at the end of 
the report; and summary outlines of the full-length papers are provided. Complete 
manuscripts can be provided if it is deemed desirable. 

Abstracts 

1. Stuart, D.G., & Enoka, R.M. (1982). Weightlessness hypokinesia: Significance of 
motor unit studies. Physiologist, 25, 303. 

2. Enoka, R.M., & Stuart, D.G. (1983). Appropriateness of the small-cage-reared rat 
as a model for the study of altered-activity effects. National Aeronautics and 
Space Administration Conference Publication, 2299, 37-38. 

3. Joyner, M.J., Enoka, R.M., Rankin, L.L., Volz, K.A., & Stuart, D.G. (1984). Neural 
factors in whole-muscle fatigue of rat soleus and medial gastrocnemius muscles. 
Clinical Research, 32, 56A. 

4. Rankin, L.L., Enoka, R.M., Volz, K.A., Reinking, R.M., Joyner, M.J., & Stuart, D.G. 
(1984). The effects of cage size on the functional properties of rat hindlimb muscle. 

1. Force and fatigability. Society for Neuroscience Abstracts, 10, 781. 

5. Enoka, R.M., Rankin, L.L., Volz, K.A., Reinking, R.M., Joyner, M.J., & Stuart, D.G. 
(1984). The effects of cage size on the functional properties of rat hindlimb muscle. 

2. EMG and fatigability. Society for Neuroscience Abstracts; 10, 781. 

6. Volz, K.A., Rankin, L.L., Enoka, R.M., & Stuart, D.G. (1985). Fatigue-related 
characteristics of the soleus and EDL muscles in small- and large-cage reared 
female rats. Society for Neuroscience Abstracts, 11, 209. 
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7. Enoka, R.M., Rankin, L.L., Volz, K.A., Joyner, M.J., & Stuart, D.G. (1985). 
Relation between whole-muscle EMG and force during a fatigue test. Society for 
Neuroscience Abstracts, 11, 210. 

8. Rankin, L.L., Enoka, R.M., Volz, K.A., <5c Stuart, D.G. (1985). Coexistence of 
whole-muscle fatigue and twitch potentiation in rat hindlimb muscle. Society for 
Neuroscience Abstracts, 11, 210. 

9. Enoka, R.M., Rankin, L.L., & Stuart, D.G. (1985). Cage-size and gender effects on 
fatigue in rats. Physiologist, 28(Suppl.), 137-138. 

10. Rankin, L.L., Volz, K.A., Enoka, R.M., & Stuart, D.G. (1986). Quantitative 

histochemical values of SDH activity of qualitatively typed muscle fibers. XXX 
Congress of International Union of Physiological Sciences. 

Papers 

The results and conclusions of the project are described fully in the following five 

papers. Drafts of these manuscripts are available upon request. 

1. "Effects of cage size and gender on the properties of developing rat hindlimb 
muscle." 

a. Male and female Sprague-Dawley rats were raised in separate groups from 
weanling age in either of two cage sizes. In terminal experiments, cage-size 
and gender effects were assessed with measures of size, force, contractile 
speed, fatigability, muscle fiber-type composition, and oxidative-enzyme 
activity for two test muscles, soleus and extensor digitorum longus. 

b. In general, cage size did not affect any of these measures. 

c. Similarly, apart from well-documented gender differences (e.g., muscle : body 
mass, twitch : tetanus force) the effect of cage size was similar for both male 
and female rats. There was, however, a greater variability (coefficient of 
variation) in many of the test measures exhibited by the female rats. 
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d. One group of large-cage male animals did demonstrate a significant effect of 
cage size relative to control animals. However, this observation probably 
reflected an environment effect due to the physical characteristics of the 
environment in which that particular cage was located. 

e. It appears that rats of either gender raised in conventional laboratory cages 
represent an appropriate experimental model for altered-use paradigms. 

2. "Fatigability of rat hindlimb muscle: E.m.g. -force relationship." 

a. An experimental protocol designed to assess fatigability in motor units (Burke, 
Levine, Tsairis, and Zajac, 1973) has been applied to the whole-muscles of 
anesthetized adult rats and the electromyogram (e.m.g.)-force relationship 
monitored over the course of the test. 

b. The animals were raised in either a small or a large cage. As a result, both 
test muscles (soleus and extensor digitorum longus) exhibited a wide range of 
fatigability, which was defined as the decline in isometric peak force at 6 min, 
such that the data for each test muscle were separated into groups of high, 
intermediate, and low fatigability. 

c. The e.m.g. was quantified with four measures of amplitude, four duration 
variables, and one interaction term (area). Correlation analyses indicated that 
the e.m.g. was adequately represented by one measure of amplitude (absolute 
amplitude), one of duration (peak-to-peak duration), and area. 

d. The e.m.g.-force relationships for soleus varied markedly between the three 
fatigability groups. In contrast, all three extensor digitorum longus groups 
displayed qualitatively similar e.m.g.-force relationships over the course of 
the test. 

e. Multiple regression analyses indicated that the e.m.g. parameters were able to 
predict peak force better for extensor digitorum longus than for soleus. 
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Furthermore, for both test muscles the prediction was best for the high 
fatigability group. 

f. The associations between e.m.g. and force appeared to depend upon the 
measure used to quantify the e.m.g., the fiber-type composition of the test 
muscle, and the degree of fatigability exhibited by the muscle. 

3. "Fatigability of rat hindlimb muscle: Coexistence of potentiation and force decline." 

a. An experimental protocol designed to assess fatigability in motor units (Burke, 
Levine, Tsairis, and Zajac, 1973) has been applied to whole muscle of 
anesthetized adult rats in order to study the effects of the test on the 
magnitude of twitch potentiation. 

b. The animals were raised in either a small or large cage. As a result, both test 
muscles (soleus and extensor digitorum longus) exhibited a wide range of 
fatigability, defined as the decline in isometric force observed at 6 min, and 
twitch potentiation, defined as the increase in twitch force observed after, 
compared to before, the fatigue test. 

c. In the soleus, 57% (42/74) of the muscles exhibited fatigue (i.e., force at 6 min 
less than 100% of initial force); of these, 14% (6/42) also exhibited potentiated 
postfatigue-test twtich force. In contrast, all (68/68) extensor digitorum 
longus muscles exhibited fatigue, and of these, 46% (31/68) also showed twitch 
potentiation. 

d. In both test muscles, an inverse linear relationship was found between the 
degree of twitch potentiation and the magnitude of fatigue exhibited, although 
the relationship in soleus was different from that in extensor digitorum longus. 

e. Some recovery of the whole-muscle e.m.g. was evident between the end of the 
fatigue test and the first posttest twitch. However, there was no correlation 
between the degree of twitch force potentiation and any of the e.m.g. 
parameters studied. 
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f. 


The simultaneous occurrence of whole-muscle fatigue and twitch potentiation 
in some muscles suggests that the mechanisms underlying these two 
phenomena affect different sites within the muscle, but the linear relationship 
suggests that they are not totally independent of one another. 

4. "A comparison of qualitative and quantitative histochemical classification of muscle 
fiber types." 

a. The metabolic heterogeneity seen within a given muscle fiber type, first 
described for fibers classified on the basis of myosin ATPase staining, has been 
confirmed for fibers classified according to the SO-FOG-FG scheme of Peter, 

Barnard, Edgerton, Gillespie, and Stempel (1972). All 3 fiber types exhibited a 
broad range of succinate dehydrogenase activities as determined by 
quantitative histochemical techniques. 

b. In soleus, mean SDH activity for FOG fibers was significantly greater than 
that for SO fibers; whereas in extensor digitorum longus, mean values for SO 

t 

and FOG fibers were identical to each other but significantly greater than that 
for FG fibers. 

c. There was considerable overlap of SDH activities for the 3 fiber types 
precluding differentiation of fiber type based strictly upon oxidative potential. 

This, combined with the similarity of values for soleus SO fibers and extensor 
digitorum longus FG fibers, suggests that the differences in fatigability which 
characterize these 3 fiber types are not due solely to the differences in their 
oxidative capacity. 

i 

5. "The effects of disuse on skeletal muscle." ! 

This final manuscript is a review which is organized in the following manner: 

Effects of Reductions in Muscle Usage 
Models of Reduced Use 
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Neural Alterations 


Muscular Alterations 
Effects on Muscle Properties 
Morphological Changes 
Macroscopic 
Ultrastructural 

Histochemical and Biochemical Changes 
Metabolic Capacity 
Myofibrillar Components 
Additional Biochemical Alterations 
Fiber-Type -Distribution 
Physiological Changes 
Membrane Properties 
Contraction Time 
Force 

Fatigability 

Effects on Motoneuron Properties 
Potential Relevance of Overuse Models 
Effects of Environment 

Central Nervous System 
Muscle 
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WEIGHTLESSNESS HYPOKINESIA: SIGNIFICANCE OF MOTOR UNIT STUDIES 


Douglas G. Stuart and Roger M. Enoka* 


Departments of Physiology and Physical Education*, 
University of Arizona, Tucson, AZ 85724 


ABSTRACT 

In preliminary experiments, we found that 
medial gastrocnemius (MG) motor units in cage- 
reared rats were unusually sensitive to fatigue, a 
test for which is required to distinguish between 
FF- and FR-unit types. This observation prompted 
an analysis of whole-muscle fatigue. It revealed 
an impairment of the electrochemical process of 
neuronal excitation-contraction coupling at one or 
several sites between motor axons and the contrac- 
tile machinery. (Supported by NASA Grant NAGW-338). 


INTRODUCTION 

Following preliminary experiments (see Ab- 
stract), we undertook an analysis of. whole-muscle 
fatigue in the MG of cage-reared rats, together 
with an estimation of the fatigability character- 
istics of MG in a theoretical "noncaged- reared" 
rat model, assuming the theoretical muscle would 
have unit properties like those found in hindlimb 
muscles of noncage-reared cats (3,5,6). 

METHODS 

We used 500 g male and female 100-day old 
Sp rague-Dawley rats, who had spent their life in 
46-49 x 25~28 x 20 cm cages (4-7/cage). Such 
confinement is typical for commercially bought 
rats. Under pentabarbitol sodium anesthesia 
(30-70 mg/Kg, I.P.), MG was prepared for force and 
EMG measurements (3,5,6). 

RESULTS 

Experiments . Fig. 1 shows force and EMG 
responses of MG (M • 7) . Note three points: 

1. Before the fatigue test, the disparity 
between force output for direct and nerve stimula- 
tion was greater than considered normal (2,4). 

2. The fatigue test produced more substantial 
reductions in force and EMG than anticipated 
(3,5). Unfortunately, there are no data comparable 
to Fig. 1 for noncage-reared rats. However, 
Table 1 (lines 8, 11) suggests that EMG (force) 
reduction would be 23% (62Z) in the theoretical MG 
as compared to 66Z (79Z) in our test MC (Fig. 1). 

3. Intermittent and abrupt changes In EMG 
amplitude were a feature of each stimulus train of 
the fatigue test, even before force declined. 


Estimations . Three assumptions in the Table 1 
estimations require explanation: 

1. Values for the relative distribution of 
the different fiber types (Table 1, line 1) are 
only available for cage-reared rats. They should 
not differ markedly in noncage-reared rats (3). 

2. The assumption that the amplitude of the 
EMG co-varies with muscle-fiber diameter^/2 i s 
based on measurements made on "in-continuity” 
mammalian nerve axons (8). 

3. At first glance, the assumption might seem 
far-fetched that relative (inter-unit) features of 
motor-unit anatomy (Table 1, lines 1-4), force 
development (line 5) and fatigability (lines 7, 
10) are similar for rat MG and cat tibialis 
posterior (TP; footnotes 3-4). However, the 
specific tension (force/cross-section) of muscle 
tissue is quite similar across species (6), as are 
presumably the EMG: force relationships. 

DISCUSSION 

Orderly motor-unit recruitment (3) should 
prevail in cage-reared rats with cumulative acti- 
vation (recruitment) of progressively more force- 
ful units for progressively stronger contractions. 
As a result, it is likely that the FF units of 
cage-reared rats are used to less extent than the 
less forceful FR and S units (3,6). On this 
basis, we propose that the impairment in neuronal 
excitation-contraction coupling observed in these 
experiments is more pronounced in FF than FR and 
S units. We also anticipate that the observed 
impairments would be less in the soleus (SOL) 
muscle because, for the motor activities possible 
in a confined environment, SOL is presumably used 
to a greater extent than MG (3,6). Conversely, 
the observed deficits should be similar in another 
commonly studied muscle, extensor digitorum longus 
(EDL), because, like MG, its usage is limited 
during less demanding contractions (unpublished 
observations). 

To address these issues, we intend to examine 
the dependence of the observed impairments on the 
fatigability of muscle by comparing the fatigue 
profiles of MG, SOL and EDL in exercise-deprived, 
exercised-exposed and wild rats. The existance of 
such a relationship would underscore the desir- 
ability of assuring an appropriate level of func- 
tional integrity of test muscles prior to the 
application of a disuse protocol to simulate 
weightlessness. 
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profiles: averages of 8 supramaximal twitches (1 Hz). Lower force and EMG traces: single-sweep records 
of subfused tetani (40 Hz). Stimulus duration; 2 ms for direct intramuscular stimulation (A, a1), 

0.1 ms for muscle nerve (B, Bl). Arrows (mins): stimulus sequence (interstimulus intervals).' Fatigue 
test: 330 ms-duration 40 Hz stimulus trains at 1 Hz for two min. Records indicate 1st (B), 31st, 61st 
and 121st (B 1 ) trains. Amplitudes of EMG (mean) and force (peak) expressed as reduction from "control" 
values (0%). Insert: sites at which fatigue might occur during muscle-nerve stimulation (7). 


TABLE 1. Estimation of Mean Reductions in EMG and Force Output of MG Motor Units 
of Theoretical "Noncage-reared" Rats During a Fatigue Test 2 


Unit (Fiber) Type 


(1) 

Muscle fiber distribution (2)2 

FF(FG) 

38 

FR(FOG) 

58 

S(S0) 

4 

(2) 

Relative muscle-fiber diameter 3 . 4 

1.26 

0.95 

0.79 

(3) 

Relative motor-unit innervation ratio 3 * » 4 .5 

1.26 

0.84 

0.90 

(4) 

Motor-unit distribution (2) (100-(1) •(3)-l.£(l)"l-.(3)“l) 

Relative force ratio 3 . 4 

Contribution to whole-muscle EMG 7 (2) (100 ■ (1) • (2) 3 / 2 -rd)* 1 -(2)~ 3 / 2 ) 
EMG reduction after 2 min fatigue test (2) 3 . 8 

29 

67 

4 

(5) 

2.20 

0.61 

0.19 

(6) 

49 

49 

2 

(7) 

40 

5 - 

14 

(8) 

Contribution to 2 reduction 8 in whole-muscle EMG ((6) "(7) -100 - !) 

20 

3 

0 

(9) 

Contribution to whole-muscle force (2) 

60 

39 

1 

(10) 

Force reduction after 2 min fatigue test (2) 3 > 8 

96 

11 

1 

(ID 

Contribution to 7. reductions in whole-muscle force ( (9) ’(10) *100 - 1) 

58 

4 

0 

L Test described in Fig. 1. 6 Based on fused 

(100-200 Hz) 

tetanus 

value. 


Cage-reared rat MG data (1). 

Noncage-reared cat TP data (4,5). 

Ratio of mean value to mean value 
for all unit (fiber) types. 

Mean number of muscle fibers in motor unit. 


Amplitude of extracellularly recorded 
EMG assumed to co-vary with fiber 
diameter 3 ^ 2 (7). 

Reduction in mean value(s) for 121st 

stimulus train with respect to 1st train. 
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NEURAL FACTORS IN WHOLE-MUSCLE FATIGUE OF RAT SOLEUS AND MEDIAL 
GASTROCNEMIUS MUSCLES. MJ Joyner ,* RM Enoka,* LL Rankin,* KA Volz,* 
and DG Stuart* (intr. by D Van Wyck) , Departments of Physiology and 
Physical Education, University of Arizona, Tucson, Arizona. 

Inasmuch as fatigue can be defined as "... a failure to maintain 
the required or expected force" (Edwards, 1982), there are several 
sites between the command (supraspinal) and effector (muscle) centers 
at which this failure can occur. Among these are axonal-branch-point 
and neuromuscular-junction transmission failure. These aspects of 
fatigue were examined by comparing the force elicited in the soleus (n 
= 5) and medial gastrocnemius (n = 3) muscles of Sprague-Dawley rats 
(3. 1-4. 8 N) by nerve and direct-muscle stimulation before and after a 
fatigue test (6 min of 1 Hz trains with each train lasting 330 ms and 
including 13 stimuli; Burke et al., 1971). There was no difference in 
the mean peak twitch force obtained by nerve and direct-muscle stimu- 
lation before the fatigue test; the nerve-elicited values were 97.9 ± 
5.9% of those obtained by direct-muscle stimulation. In contrast, 
this ratio was 77.9 + 19.9% after the fatigue test. This post-fatigue 
test difference in the peak twitch force produced by nerve and direct- 
muscle stimulation was not muscle-dependent (soleus 16.5 ± 11.9%, 
medial gastrocnemius 31.3 ± 29.8%) but rather was correlated signifi- 
cantly (r = 0.89, p < .05) with the amount of fatigue (i.e., force 
reduction) exhibited during the fatigue test. These data underscore. a 
neural contribution to whole-muscle fatigue in animals without neuro- 
muscular lesions. 

Edwards RHT : In Porter R, Whelan J (eds.), Human Fatigue: Physiological 
Mechanisms. London: Pitman Medical, 1981. 

Burke RE, et al.: Science 174: 709, 1971. 


BOTH THIS FORM AND THE FORM LETTER 
OF TRANSMITTAL MOST BE SIGNED 
BY A MEMBER (ROLE 2) 


David B. Van Wyck 



ease Ijpe name) 


Revised May 1983 


MEMBER'S SIGNATURE /: 





SATURDAY PM 


ORIGINAL PAGE. IS 
OF POOR QUALITY 


226 5 physiological aiid biochemical properties op individual 

KOTOR UNITS OP CAT MUSCLE. P.M. Nemeth, J.L. Pork*, D.G. 
Stuart, R.M. Halnklnq, L. RanUn, S. Vandan-Koven and T.M. 
Ha tan . Dopto. of Neurology and An a t oca y , Washington Untv. 
Ked. Sch., St. Louie, MO 63110 and Dept, of Physiology, 
Unlv. of Arte. Health Set. Center, Tucson, AZ 85724. 

A quantitative approach Is being used to assess the 
relationship between neurooechanlcal nuacle physiology and 
biochemistry of energy metabolism. Following collection 
of physiological data on single motor units of the tlbi- 
alle posterior ouscle of adult cats and glycogen depletion 
of the constituent ouscle unit, transverse sections of 
nuacle were stained for periodic acid Schlff and nyosin 
ATPasej alternate serial sections were lyophllized. Fibers 
of the ouscle unit identified hlatochealcally were dis- 
sected fron the lyophlllted sections and analyzed bio- 
chemically with olcroanalytical techniques. 

Biochemical and physiological data were, thus, obtained 
on the same 4 fast-contracting fast-fatiguing motor units: 
Table 1. Enzyme Activities in Motor Unit. Fibers 


Motor 



Lactate 

Malate 

Unit No. 

Adenyloklnaee 

Dehydrogonaoe 

Dehydrogenase 

1 

1 40*7 

(4.9) 

234*6 (2.4) 

3. 33*. 26 (7.7) 

2 

14517 

(4.6) 

253*9 (3.7) 

3.101.18 (5.7) 

3 

150*7 

(4.4) 

160*7 (4.1) 

4.47*. 31 (6.9) 

4 

161*12 

(7.6) 

294*6 (2.1) 

4. 11*. 34 (8.3) 


Values are meansiSD of 8 fibers (moles/kg dry wt/hr) 
with % coefficient of variation in parentheses 


Table 2. Neurooechanical Properties of Kotor Units 



Nerve 

Twitch 


Progressive 

Motor 

Conduction 

Contraction 

Tetanic 

Patigue 

Unit 

Velocity 

Time 

Tension 

Index 

No. 

(m/s) 

bo.it 

(m/s) 

~TT7T 


(t,./t n 

-nrrar 

2 

64.4 

26.8 

81.3 

.028 

3 

71.3 

29.3 

92.7 

*' .044 

4 

80.2 

27.8 

67.8 

.010 

Low coefficients of 

variation in 

enzyme 

activities cor- 

roborato 

the eerlier finding of 

biochemical uniformity 

(Nemeth, 

Petto, Vrbova, J. Physiol. 1981) 

now on enzymes 

representing different biochemical 

pathways 

. 

The major profits 

of this study arise from analysis of 


motor units with a wide spectrum of characteristics to 
test for relationships between the physiological and bio- 
chemical variables and to determine the predictive value 
of these criteria in any resulting motor unit grouping. 


226 6 the EFFECTS OF CAGE SIZE ON THE FUNCTIONAL 
PROPERTIES OF RAT HINDLIMB MUSCLE. I. FORCE AND 
FATIGABILITY. L.L. Rankin*. R.M. Enoka, K.A. Volz*, R.M. 
Reinking*, M.3. 3oyner w , D.G. Stuart. Dcpts. of Physiology an3 
Physical Educe t ion , Uni v . of Arizona, T uc son, AZ 85724. 

This project addressed the effects of usage on muscle 
properties with the assumption that motor-activity level is 
influenced by the extent of the physical environment. 

SD weanling rats were raised for 98-155 days in either a small 
FDA-approved laboratory cage (2/cage) or one 476x larger 
(15/cage). Subsequently, some contractile, electrical, and fatigue 
characteristics were determined in vivo for extensor digitorum 
longus (EDL) and soleus (SOLX muscles characterized as 
predominately fast-contracting ("fiber-type" distribution approxi- 
mately 3%-SO, 59%-FOG, 38%-FG) and slow-contr acting (84%-SO, 
1696-FOG), respectively (Ariano et a!., 3. Histochem. Cytochem. 
21: 51, 1973). The results included (n = 7-12): 


Selected 

Large Cage 

Small Cage 

Characteristics* 

EDL 

SOL 

EDL 

SOL 

Force: 

Body wt. (N) 

5.07 

►0.30 

6.20.0.58 

Muscle urt.2 

0.49+0.06 

0.52+0.10 

0.56+0.08* 

0.53+0.07 

Muscle force* 

6.53.1.85 

4.59+0.68 

5.62+2.01 

3.58+1.11* 

Fatigue test 9 : „ 

Initial force*' 
Max. force ^ 

2.22+0.60 

4.04+0.49 

1.97+0.74 

3.65+0.87 

4.55+1.09 

4.11+0.46 

3.92+1.22 

3.79+0.84 

Fat. Resistance^ 

59+14 

90+16 

36.21* 

6*3*32* 

RT 50-20 7 : initial 

7+2 

41 + 14 

7+2 

42+9 

(ms) 6 min 

18+4 

58+16 

24+7* 

77+24* 


ian _ 

weight relative to total body weight (mN/N; J Force (100 Hz 
stimulation) relative to normalized muscle weight in ^(N/mN'N” 1 ); 
9 13 stimuli at 40 Hz repeated at 1/s for 6 min; ^ Normalized as in 
^ Force at 6 min relative to initial value (%); ^ Relaxation time 
(measured between 50% and 20% values of post-stimulus force). 


These results indicate that cage size had an effect on both SOL 
and EDL. The effects on fatigue resistance and relaxation time 
were comparable for the two muscles. The changes in force and 
muscle weight, however, appeared to be muscle specific; the large- 
cage rats developed a greater maximum force in SOL and a lesser 
normalized muscle weight for EDL. 

Supported by grants from NASA (NAGW-338) and NIH 
(HL07249). 


226 7 THE EFFECTS OF CAGE SIZE ON THE FUNCTIONAL 
PROPERTIES OF RAT HINDLIMB MUSCLE. 2. EMG AND 
FATIGABILITY. R.M. Enoka, L.L: Rankin*, K.A. Volz*, R.M. 

Reinking* T M.3. Joyner , and D.G. Stuart . Depts. of Physiology 
and Physical Education, Univ. of Arizona, Tucson, AZ 85724. 

As an assessment of cage-size effects on the electromyogram 
(EMG), we have monitored the compound muscle action potential 
(AP) during a fatigue test in which the test muscle was activated 
by supramaximal intermittent stimulation of its nerve. Average 
measurements of the duration, area, "mean" amplitude, and 
normalized depolarization rate for the 13 APs within each train 
were obtained at selected intervals during the fatigue test (Stuart 
et al., Proc. XXIX IUPS, XV: 190, 1983). The test muscles (n = 3 
for each group) were SOL and EDL of small- and large-cage reared 
rats. 

These parameters were affected differently by fatigue: 

1. AP duration increased during the fatigue test for all groups of 
rats. The changes exhibited by SOL were gradual, with final (6 
min) values of 160 and 130% for the small- and large-cage groups, 
respectively, that were not significantly different. In contrast, 
EDL experienced a rapid increase in AP duration (to 210% of the 
initial value at I min) which the small-cage group maintained until 
the end of the test but which the targe-cage group significantly (p < 
0.05) decreased (to 145% at 2 min) and maintained at values 
comparable to those for SOL. 

2. Although eventually AP area decreased for all groups, initially 
the area of the EDL APs increased in a manner somewhat parallel 
to the potentiation observed in the force response. Cage size did 
not significantly affect AP area but there were differences in area 
between the two muscles at 1,2, 4, and 6 min: EDL = 62%, 23%; 
SOL = 106%, 80%; at 1 and 6 min, respectively. 

3. "Mean" amplitude declined during the fatigue test for all 4 
groups with significant differences at 1, 2, 4, and 6 min between 
the muscles (EDL = 18% and SOL = 68% at 6 min) but with no cage- 
size effect. However, the data do suggest a trend in which the 
large-cage rats maintained initial "mean" amplitude values longer 
into the test before they began to decline; EDL * 0.67 vs 0.17 min, 

. SOL = 3.0 vs 1.5 min for the large- and small-cage groups, 
respectively. 

4. Depolarization rate decreased within 40 s to its final value (60%) 
for EDL with no differences due to cage size. The decrease for 
SOL was more gradual and was significantly different between the 
small- (73%) and large- (90%) cage groups at 6 min. 

These data suggest that this lest produces preconttaciile 
fatigue in both SOL and EDL with a trend toward a greater cage- 
size effect (viz., Rankin el al., accompanying poster) in SOL. 
Supported by grants from NASA (NAGW-338) and NIH (HLO 7249). 


EFFECT OF "DISUSE" ON MAMMALIAN FAST-TWITCH MUSCLE: JOINT 

FIXATION COMPARED TO NEURALLY APPLIED TTX. D. St-Pierre*. 
and P. Gardiner (SPON: A. Peterson). Sciences de l'activite 
physique, Univ. de Montreal, Quebec, H3C 3J7. 

The effect of "disuse" on the functional properties of 
fast-twitch (FT) mammalian muscle is controversial, perhaps 
since the various "disuse" models reduce activity to diffe- 
rent degrees, and may introduce factors other than reduced 
activity. Our goal was to compare the effects of "disuse" 
produced by neuraily applied tetrodotoxln (TTX), and joint 
fixation on the atrophic and contractile responses of the 
rat gastrocnemius. TTX was delivered to the left sciatic 
nerve, similar to the technique described by Betz & Caldwell 
( J. Physiol. , 1983) and the paralysis maintained for 2 
weeks. In a separate group of rats left knee and ankle 
joints were fixed for 2 weeks according to Fournier et al . 

( Exp. Neurol . , 1983). 

Muscle weights and in situ contractile properties are 
summarized below. Jo inu f i xat ion produced a decrease in 
muscle wet weight and absolute tetanic tension. The degree 
of atrophy was more severe with TTX-disuse and was accompa- 
nied by a decrease in tetanic tension per unit muscle weight 
(N/C). In addition, TTX-disuse resulted in an elevation of 
twitch: tetanic ratio, a prolonged twitch, and an increased 

degree of fusion at 50 Hz. The normalized maximal rate of 
tetanic tension development UP /msec) was highest in the 
TTX group. Fatigue index was unaffected by cither condition. 
The data suggest that complete disuse of mammalian FT muscle 
causes atrophy, slowing of contractilo speed and a loss in 
contractile strength per gram of tissue, and are consistent 
with a loss of sarcoplasmic reticulum function and of nyo- 
fibrillar protein concentration with disuse. 



P 

l 

(N/g) 

P 

c 

(N/g) 

TPT plus 
RTV(os) 

Max. Tot . 
dP/dt 

UP /ms) 
o 

%P at 
0 

50 Hz 

L/R mus . 
weight 

C 

2.3 

16. 1 

31.2 

2.01 

55.9 

1.12 

(n=7) 

0.8 

0. 7 

3.3 

0.25 

11.7 

0.06 

Fixed 

2.9 

15. 7 

30.0 

2.40 

70. I 

0.96 a 

( n=6) 

0.9 

0.9 

2.9 

0.30 

13. 1 

0.08 

TTX 

3.6“ 

I0.0° b 

39.6 ab 

3. 1 6 a 

83. 2 a 

0.62 jb 

(n=!0) 0.6 

2.0 

4.8 

1.14 

8.0 

0 . 1 l 


^Significant difference from group C (p<0.01) 

Significant difference between groups TTX and tixed (p<O.OI) 

Supported by grants from NSERC and MRC Canada. 
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RELATION BETWEEN WHOLE-MUSCLE EMG AND FORCE DURING A 
FATIGUE TEST. R.M. Enoka, L.L. Rankin*, K.A. Volz*, MJ. Joyner*, 
and D.G. Stuart. Depta. of Physiology and Exercise <5 1 Sport Sciences, 
University of Arizona, Tucson, A Z 8572 4. 

In an attempt to identify the mechanisms associated with the decline 
in force during a standarized fatigue test (Burke et aL, 3. Physiol. 234: 
723, 1973), we have monitored, in vivo, the compound muscle action 
potential (AP) and the isometric force during a 6-min test in which the 
test muscle was activated by supramaximal intermittent stimulation of its 
nerve. Accordingly, the soleus (SOL) and extensor digitorum longus (EDL) 
muscles of male and female SD rats (4.36 and 2.68 N, respectively; 120- 
150 days) were subjected to a protocol that included 1 Hz trains ol 13 
stimuli delivered at a rate of 40 Hz. The APs were recorded with a pair 
of intramuscular stainless-steel electrodes and were quantified by average 
measurements of the area and "mean" amplitude LMA) for the 13 APs 
within each train (Stuart et ah, Proc. XXIV 1UPS XV; J90 f 1983). The 
fatigability ol the muscles was quantified by a measure of fatigue 
resistance (FR): peak tetantic force at 6 min relative to initial force. 

By raising the rats in small and large cages, the FR of both test 
muscles extended over a range of values such that the muscles clustered 
into significantly different (p < .00l)_groups of relative high, intermediate, 
and low FR: for .501, these values (X 1 SD) were 1 1 2 1 7 (n = 10), 92 ± 6 (n 
» 7), and 67 t 14% (n = 5), respectively, while for EDL, the values were 48 
1 5 (n = 8), 33 t 5 (n =‘S), and 10 1 7% (n = 8), respectively. Despite these 
differences in FR for EDL, the 3 groups exhibited a qualitatively similar 
relationship between AP area and force during the course of the fatigue 
test, tn all 3 groups, the relationship was characterized by an initial 
potentiation and a subsequent parallel decline in both AP area and force. 
Quantitatively, however, the high FR group displayed the greatest 
potentiation of both force and AP area. Somewhat similar relationships 
were apparent between MA and peak force for EDL, although MA did not 
potentiate initially as did AP area. The changes in area and MA during 
the test were similar for EDL (r2 s 0.85, p < .01). In contrast, the high 
and intermediate FR SOL groups demonstrated a markedly different area- 
force relationship than the low FR group in that force essentially 
remained constant while AP area potentiated for the former groups and, 
conversely, area remained constant while force declined for the low FR 
group. In addition, the changes in AP area and MA for SOL, while 
significant (p <.01), were less related (r2 = 0.35) than for EDL. 

It was apparent that under these conditions (cf. also Sandercock et a!., 
3. Appl. Physiol. 58: 1073, 1985) both AP area and MA changed during the 
course of the fatigue test. However, we are uncertain at this point as to 
whether these AP changes reflect a change in the neural drive, a tissue- 
filtering effect, or some combination of the two mechanisms. 

Supported by grants from NASA (NAGW 338) and NIH (HL07249). 


LONG DURATION MUSCLE FATIGUE CAUSED BY IMPAIRED EXCITATION - 
CONTRACTION COUPLING. R.G. Miller , H.S. Milner- Brown *, P. Hooper *. 
R.B. Layzer *, & M.W. Weiner *. Department of Neurology, Children’s 
Hospital of San Francisco, San Francisco, CA. 94118 and Department 
of Neurology, Radiology and Medicine, University of California/ 

San Francisco, San Francisco, CA. 94143. 

The mechanism of long-lasting muscle fatigue has been studied 
utilizing simultaneous measurements of 31 p Nuclear Magnetic 
Resonance spectroscopy, surface -rectified integrated EMG (RIEMG) 
and force from the human adductor pollicis. During a four minute 
maximum isometric contraction to produce muscle fatigue, pH fell 
from 7.1 to 6.4, phosphocreatine fell to undetectable levels, and 
mean maximum force fell by 80%; neuromuscular efficiency (NME) 
(NMEp Forco (N), in a Ss, 50% maximal contraction) fell to 45% of 
RIEMG (mV) 

the pre-fatigue value immediately after the four minute fatiguing 
contraction. 

During recovery , pH and high energy phosphates returned to 
control levels within thirteen minutes and maximum force generating 
capability returned to 96% of control levels within 15 minutes; 
however, NME recovered more slowly (mean 70% at fifteen minutes 
and 85% at thirty minutes). 

To test oux hypothesis that the delayed recovery of NME was due 
to. persistent impairment of excitation* contraction coupling, 
post- tetantic potentiation of the twitch was examined before and 
after fatigue. Post- tetanic potentiation (PTP) was 60% in the 
fresh muscle; less than 25% after fifteen minutes of recovery 
from fatigue with gradual return toward baseline levols over a 
time course that paralleled that of NME. Similarly, the response 
to low frequency stimulation recovered more 3lowly (65% of control 
within 21 minutes of recovery) than the response to high frequency 
stimulation which was nearly complete (97% after twenty-one minutes 
of recovery). 

These observations support our hypothesis that long duration 
fatigue is independent of muscle pH and inorganic phosphates. 

A persistent impairment of excitation-contraction coupling is 
likely based on these observations. 


54 4 COEXISTENCE OF WHOLE-MUSCLE FATIGUE AND TWITCH 
POTENTIATION IN RAT H1NDLIMB MUSCLE. L.L. Rankin*. R.M. Enoka. 
K.A. Vol 7 . * , and D.G. Stuart, (SPON: A. Kasznlok) Depta. of Physiology 
& Exercise 6 Sport Sciences, l/niv. of Arizona, Tucson, AZ 85724. 

The degree of potentiation of isometric twitch tension is dependent 
upon activation history and muscle- fiber type (Burke et aL, Brain Res. 
109: 515, 1976; 3ami et ah, 3. Physiol. 340: 129, 1983). Comparing whole 
muscle twitches before (pre)" andafter (post) a 6-min fatigue test, we 
observed greater tension in post-twitches than in pre-twitches in some 
muscles despite significant fatigue developed during the intervening test. 

These observations were based upon data acquired during a previously 
reported study on the effects of cage-size on muscle properties in rat 
soleus (SOL) and extensor digitorum fongus (EDL) (Rankin et aJ., Soc. 
Neurosci. Abstr. 10: 781, 1954). The protocol included: (l) 32 twitches at 
0^5 Hz; (2) l 100-Hz tetanus (500 ms); (3) 6-min fatigue test (13 stimuli at 
40 Hz repeated 1/s); (4) 8 twitches at 0.5 Hz; and, (5) 2 100-Hz tetani. 
Fatigue resistance was determined by expressing peak tetanic force at 6 
min relative to the initial peak force. Mean values (n = 18) for peak 
tension (P t ), time- to- peak tension (TPT) and one-half relaxation time (ft 
RT) were determined for the 8 twitches immediately preceding (pre) and 
the 8 twitches following (post) the fatigue test. 

Twitch potentiation (post P t /pre P t > 1.0) was observed in 61% of EDL 
muscles despite a mean 52% decline in peak force during the fatigue test. 
In contrast, only 33% of SOL muscles potentiated while force declined by 
17% during the test. Given their fiber-type compositions (EDL = 3% SO, 
59% FOG, 38% FG; SOL = 84% SO, 16% FOG; Ariano et aL, 3. 
Histochem. Cytochcm. 21: 51, 1973), this difference between EDL and 
SOL is consistent with the previously reported observation, albeit with a 
different protocol, that the coexistence of fatigue and potentiation 
occurred most frequently in FR motor units (FOG fibers), less in FF units 
(FG fibers) and infrequently in S units (SO fibers) in cat peroneus tertius 
(3ami et aL, 1933). However, in contrast to these investigators, we found 
positive linear correlations between fatigue resistance and twitch 
potentiation for both EDL and SOL (r = 0.94 and 0.86, respectively). 

TPT and ftRT times were significantly longer in post-twitches (123% 
and 170%, respectively) for EDL, providing further evidence of muscular 
fatigue (Edwards et aL, 3. Physiol. 251: 287, 1975). No significant 
changes in these values occurred in SOL. The change in TPT for EDL in 
association with potentiation is consistent with the notion that repetitive 
stimulation can aJter the state of activation and hence twitch dynamics 
(Wilkie, Br. Med. Bull. 12: 177, 1956). 

The simultaneous occurrence of whole-muscle fatigue and potentiation 
suggests that the mechanisms underlying these two phenomena affect 
different sites within the muscle, but the linear relationship suggests that 
they are not totally independent of one another. 

Supported by grants from NASA (NAGW 338) and NIH (HL07249). 


646 ENDURANCB TIMB CHARACTERISTICS OP THB DORSIPLEXOg AND PLANT ARPLEX0R 
MUSCLES OP THE HUMAN ANKLE A. Vahid Shah id 1 , R.B. Kearney and 
I .V. Hunter (SPON: H. GallanaT! Biomedical Engineering Unit , 

Faculty oT Medicine, McGill University, Montreal, Quebec, Canada, 
H3G 1Y6. 

Neuromuscular fatlgye may be defined as any reduction In the 
force generating capacity of the neuromuscular system (Bigland 
-Ritchie & Voods, Muscle 6 Nerve , 7:691, 1984). The time for which 
a specified force can be maintained, the endurance tiee, provides a 
convenient measure of the fatigue resistance of a muscle. It has 
been sugggested that the ankle plantarflexors ore more resistant to 
fatigue than the dorsiflexors (Belanger et al., Eur J Appl Physiol , 
51:361, 1963), but the relative endurance times of these two muscle 
groups does not appear to have been documented previously. The 
purpose of the present study was to determine the endurance times 
of the ankle dorsiflexors and plantarflexors os a function of the 
level of contraction. 

Subjects were required to match a constant target signal by 
generating an equivalent ankle torque. Subjects were Instructed to 
stop contracting when they could no longer achieve the target 
level. Target levels ranging from 15X to 90X of the aaximuo 
voluntary contraction (HVC) were examined for both plantarflexlng 
and dors! flexing contractions. Ankle torque and surface 

elect romyograos from tibialis anterior, triceps surae, and lateral 
gastrocnemius were sampled at..20 hz throughout the contractions. 
The endurance time was defined as the time at which the ankle 
torque first dropped below 95X of the target level. 

The figure shows endurance time as a function of contraction 
level for both plantarflexlng (triangles) and dorsiflexing 
(squares) contractions for a typical subject. Endurance tine 
decreased with increasing contraction level in an approximately 
exponential manner. Indeed, a 
simple exponential model fitted 
to the data provided a good 
fit; the variance accounted for 
by this model was always 
greater than 97. 5X for the four 
subjects studied to date. The 
excellent quality of the fits 
obtained is shown by the 
similarity of the symbols 
(experimental data) and the 
8Qoo t h lines (predicted values) 
in the figure. 

Supported by a grant from 
the Canadian Medical Research 
Council. 


T « endurance time, (s) 

h - % nvc, 

a,b,c - constants. 
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63 23 CHARACTERISTICS, DISTRIBUTION, AND INTERRELATIONSHIPS 
OF SOMATOSTATIN, NEUROPEPTIDE Y, AND NADPH DIAPHORASE 
NEURONS IN HUMAN CAUDATE NUCLEUS. 

N.w.Kowall, R . J . Ferrante* , M . F .Beal , and J.B. Mar tin. 

Dept, of Neurology and Neuropathology, Mass. General 
llosp and Harvard Med. School, Boston MA 02114. 

In the present study we have examined the topography 
of somatostatin (SS) , neuropeptide Y (NPY) and NADPH 
diaphorase (NADPH-d) neurons in human caudate and their 
relationship to zones of differential acetyl- 
cholinesterase (AChE) activity (striosomesl . Twelve 
blocks of striatum were fixed in neutral buffered 
formalin at 4 C for 4B hours. Sections were incubated 
with antisera to SS and NPY followed by amplification 
and detection using an avidin-biotin peroxidase method 
or indirect immunof louresence. Absorption controls were 
consistently negative. NADPH-d staining was performed 
as previously reported except for the addition of 
Triton X 7 IOO (0.8%) and monosodium malate (125mg%) to 
t-he incubation medium. These modifications enhanced 
staining oi cell arbors and revealed a heterogeneous 
pattern of neuropil staining. Large numbers of reactive 
neurones were uniformly distributed throughout the 
caudate in bands and clumps which avoided zones of low 
AChE activity. This was especially striking in AChE, 
diaphorase double stained sections where neurons often 
congregated along the margins of high and low AchE 
activity. The background pattern of neuropil diaphorase 
activity was identical to that of AChE. The striosomal 
mosaic was modified in the nucleus accumbens where the 
elliptical or serpiginous low AChE patches were 
flattened and oriented into a series of horizontal 
bands. Colocalization studies, including double 
diaphorase immunocytochemistry and doable simultaneous 
immunof lourescence , showed that SS, NPY, and diaphorase 
activities coexist in a single population of neurons in 
human striatum. The morphology of these neurons is 
variable and can be divided into 4 categories all of 
which are typical of aspiny type interneurons. 
Immunoreactive fibers were more prevalent in ventral 
caudate and accumbens suggesting that extrinsic 
projections, possibly from the basal forebrain, may 
contribute to high levels of SS and NPY in these 
regions. (NWK is an MRC fellow, supported in part by NS 
16367) . 


63.24 QUANTITATIVE AUTORADIOGRAPHY OP 3h -SPIPERONE BINDING SITES IN RAT 
STRIATUM FOLLOWING DISCRETE CORTICAL LESION. J.H. Trugraan* and 
C.F. Wooten . Dept, of Neurology, Unlv. of Virginia School of 
Medicine, Charlottesville, VA 22908. 

Using j quant Itot lve ^ln-vltro flln autoradiography ve have 
studied J H-nplperone ( H-SP) binding in rat ntrlatua following a 
discrete cortical lesion. A 3x6 tea rectangular burr hole was made 
overlying the frontal cortex of one hexalsphere and a auction 
lesion of the cortex was oade within these confines. The tlce 
course and location of degenerating nerve terminals within the 
strlatua were verified using a silver degeneration stain. At 5-7 
days post-lesion, degenerating nerve terminals were localized to 
the dorsal strlatua. Rats were killed at 5, 10, and 20 days after 
cortical lesion. Serial 20 p sections were token through the 
strlatua for binding studies. Sections were Incubated at roots 
temperature for 30 aln with 2 nM J H-SP In 50 nM trls-acetote- 
sallne buffer* pH 7.6. Adjacent sections for nonspecific binding 
were Incubated with h-SP plus 2 uM d-butsclaaol . Alternate 
sections were Incubated for 90 aln at rooa temperature In phos- 
phate buffered saline with 1 nM h-QNB, with and without 1 vM 
atropine. Sections were coexposed with calibrated n Microscales 
(Aoereham) to LKB Ultroflla. Fllas were analyzed • denslto- 
□etrlcally with a Leltz MPV variable aperture olcrodensl toaeter . 

Three areas within the body of the strlatua were analyzed: 
dorsal strlatua (1.3x.8 an), ventral strlatua (1.3 x .8 aa) and a 
dorsooedlal area of pure gray natter adjacent to the lateral 
ventricle (.Sx.l cm). Four sections were analyzed per onlnal with 
3-6 aninals per tine point. Paired t-tests were used to conpare 
specific binding lpsi- and contralateral to the cortical lesion. 
J H-QNB binding served as a control for Intrinsic striatal damage 
and revealed no significant asymmetries. The table below 
summarizes J H-SP binding expressed as ftooles/mg tissue wet weight. 
There were no differences at any time point. 




Control 

5 days 

10 days 

20 days 



n“3 

n*3 

n»4 

n-4 

Dorsal 

Control 

15318 

137117 

153121 

132110 

Strlatua 

Lee Ion 

148H5 

156113 

139130 

13412 

Ventral 

Control 

136123 

143133 

151115 

12619 

Strlatua 

Lesion 

163121 

153128 

137114 

131113 

gorsonedial 

Control 

171117 

159119 

164*32 

1 66 ♦ 1 7 

Lesion 

161114 

158136 

168140 

169111 


These results suggest that a discrete frontal cortical lesion 
which causes degeneration^ of cortical afferents In the dorsal 
strlatua does not alter ^H-SP binding. These results do not 
support the existence of D-2 receptors on cortico-striatal 
terminals. 
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64.1 VARIABILITY OF AXONAL CONDUCTION VELOCITY MEASUREMENTS JN 
MAMMALIAN MOTOR UNITS. D.A. Gordon . I.M. Hatm. R.M. Reinking , 
jLM. Enoka T and D.G. Stuart . Depta. of Physiology and Exercise 4 
Sport Sciences, University of Arizona, Tucson, AZ, 85724. 

The conduction velocity (CV) aeasuronent Is an loportant 
consideration In studies on the properties of oanoalian notor 
units. The purpose of this investigation was to evaluate methods 
'Of determining CV of motor axons and to establish the reliability 
of these methods. 

Single motor axons to the functionally Isolated tibialis 
posterior (TP) muscle of the cat hindliob were activated by 
suprathreshold stimulation of cut ventral-root (VR) filaments. 
Action potentials evoked in the TP muscle-nerve were recorded 
extracellularly and averaged with three bipolar electrodes at the 
popliteal fossa level. CV measurements were made from VR to 
muscle-nerve (conventional CV) and between proximal and distal 
pairs of muscle-nerve electrodes (muscle-nerve CV). 

The comparison of CV measurements revealed that the muscle- 
nerve CV was 5.7% slower, on average, excluding corrections for 
stimulus utilization time, than the conventional CV estimate. 
Considerable, variability, from a variety of potential sources, 
W83 observed in these values. Contributions to variability in CV 
could be attributed to variability in time and distance 
measurements os well as differences in stimulus utilization time, 
variable axonal branching, and variability in regional CV. 

The variabilities inherent in distance and time measurements 
were estimated by making multiple measurements of these 
parameters. The combined uncertainty in these measurements alone 
accounted for much of the variability in measured values of 
conventional and muscle-nerve CV in individual experiments, 
indicating that uncertainties in the tine and distance 
measurements account for most, but not all, of the variance of CV 
estimates In motor axons. We are still investigating 
interexperl nental differences in CV estimates which were not well 
accounted for by these error estimates. 

The uncertainties in the conventional and muscle-nerve CV 
estimates due to errors in tine and distance measurements were 
calculated to be 0.9% and 4.8%, respectively. Comparison of 
these values suggests that s greater degree of reliability is 
provided by the conventional measurement or CV in single notor 
axons, due to the longer conduction distances and time provided 
py this method. This is in contrast to sensory axons whose 
morphology differs froo notor axons, ond in which other methods 
of measuring CV are preferable (Rindos et al. t Experlflflntal 
h’eurolQHV . 86(2): 208-226, 1985). 

Supported by USPHS grants HL07249, NS20544 and HS17887. 


642 FATIGUE-RELATED CHARACTERISTICS OF THE SOLEUS AND EDL 
MUSCLES IN SMALL AND LARGE CAGE-REARED FEMALE RATS. 
K.A. Volz * r L.L. Rankin * . R.M. Enoka, and D.G. Stuart. 

(SP0N: J.B. Angevine) . Depts. of Physiology and Exercise 6 Sport 
Sciences, University of Arizona, Tucson, AZ 85726. 

Previous studies from this laboratory (Enoka et al., and Rankin et al., 
Soc. Neurosci. Abstr. 10: 781, 1984) have indicated that the soleus (SOL) 
and extensor digitorum longus (EDL) muscles of male rats were affected 
by the size of the cage in which the animal was raised. To continue our 
investigation into cage-size effects, we have examined some 
histochemical and fatigue-related characteristics in female rat hindlimb 
muscle. • 

Female 5D weanling rats were raised for 100-135 days in either a 
small FDA-approved laboratory cage (SC; 5/cage) or in one 25Sx larger 
(LC; 15/cage). Subsequently, fatigue-related characteristics were 
determined in vivo for the muscles SOL and EDL, followed by qualitative 
histochemical analysis utilizing the stains for NADH and myosin ATPase 
(Peter et ai., Biochem. 11(14): 2627, 1972) and measurement of individual 
fiber cross-sectional area (CSA) (Van Der Meulen et al., Neurology 27: 
355, 1977). 

The results indicate that, in contrast to our studies using male rats, 
the fatigue resistance of SOL and EDL in female rats was not 
significantly affected by cage size. In addition, cage size did not 
significantly affect the histochemical composition of either SOL, a 
predominantly slow-contracting muscle (LC-SOL = 85% SO, 15% FOG; 
SC-SOL = 78% SO, 22% FOG, n = 4) or EDL,>a fast-contracting muscle 
(LC-EDL = 5% SO, 51% FOG, 44% FC; SC-EDL = 3% SO, 57% FOG, 40% 
FG, n = 4). The mean CSAs for these fiber types in each muscle were not 
statistically different either. However, when the mean normalized CSA 
values of LC-SOL were compared to SC-SOL, a significant difference was 
revealed (p < .05). The same relationship, however, did not hold for EDL, 
but this is, in part, explained by the significant variation (F 1 2,1 2 = 1 **63, 
p < .0025) in all fiber-type CSAs for the LC- EDL. Further, when the 
mean CSAs for type SO fibers in all SOL (LC ♦ SC) were compared to the 
fatigue index (FI; Burke et a!., 3. Physiol. 234: 723, 1973), a significant 
correlation was identified (r = 0.78, p < .05). Finally, there was no 
correlation (r = 0.26) when the FI ol al) SOL (LC ♦ SC) were compared to 
the FI of all EDL. 

These results suggest: (1) male and female rats respond differently to 
the opportunities afforded by cage size, (2) SOL is more affected by cage 
size than EDL, a consequence perhaps of its presumed usage, (3) the 
correlation between the SO-CSA of SOL and its FI is developed because of 
biochemical changes in the SO fibers which enhance fatigue resistance 
and, (4) since intra-animal fatigue resistance for SOL and EDL is not 
related, the mechanism of fatigue as demonstrated by the FI may well be 
different for the two muscles. 


Supported by grants from NASA (NAGW 338) and N1H (HL07249). 


CAGE-SIZE AND GENDER EFFECTS 
ON FATIGUE IN RATS 


Roger M. Enoka, Lucinda L. Rankin, 
and Douglas G. Stuart 


Departments of Physiology and 
Exercise 3c Sport Sciences 
University of Arizona 
Tucson, AZ 85724 

As a biological tissue, muscle adapts to the 
demands of usage. One traditional way of assessing 
the extent of this adaptation has been to examine the 
effects of an altered-activity protocol on the 
physiological properties of muscles. However, in 
order to accurately interpret the changes associated 
with an activity pattern, it is necessary to employ an 
appropriate control model. There exists a substantial 
literature which reports altered-use effects by 
comparing experimental observations with those from 
animals raised in small laboratory cages (e.g., 9, 10). 
Accumulating evidence suggests that small-cage- 
reared animals actually represent a model of reduced 
use. For example, laboratory animals subjected to 
limited physical activity have shown resistance to 
insulin-induced glucose uptake which can be altered 
with exercise training (5). Similarly, in male rats 
such parameters as body mass, muscle mass, fatigue 
resistance, and muscle-relaxation characteristics 
have been shown to be affected by cage size (8). 
Furthermore, during the course of this project it 
appeared that the cage-size effects were confounded 
by a gender effect. This report further examines 
these issues by considering the effects of cage size 
during rearing and of gender on the physiological 
properties of adult rat muscle. 

METHODS 

Adult (100-135 days old) male and female 
Sprague-Dawley rats were raised in separate groups 
from weanling age (21 days) in either of two cage 
sizes. The small cages (47 x 25 x 20 cm) each 
contained 3-4 rats while there were 6-7 animals, 
separated by gender, in each of the two large cages 
(320 x 183 x 99 cm). The large cages provided 
approximately 133x more surface area (floor + 4 
walls). There were 6-7 rats in each of the 4 groups; 
namely, small-cage males, large-cage males, small- 
cage females, large-cage females. 

The two test muscles were soleus and extensor 
digitorum longus (EDL). Soleus is a slow-contracting, 
antigravity, plantarflexor muscle which comprises 
about 84% type SO and 16% type FOG muscle fibers 
(l). In vivo electromyographic (EMG) recordings 
reveal constant motor-unit recruitment while the 
animal is awake (6). In contrast, EDL is a fast- 
contracting, nonweight-bearing, dorsiflexor muscle 
with a fiber-type distribution of about 8% SO, 57% 
FOG, and 37% FG (1). EMG recordings show that 
EDL is silent when the animal is at rest and activated 
phasically during locomotion (6). 

In terminal experiments, with the rats under 
deep barbiturate anesthesia, the soleus and EDL 


muscles were surgically isolated and maintained in a 
paraffin-filled muscle bath at a temperature of 
36°C. The following experimental protocol was 
used: 32 twitches were elicited by stimulation 

through the nerve to evaluate treppe; 1 single 
tetanus at 100 Hz for 500 ms to determine the peak 
force; a standardized fatigue test (2) which involved 
intermittent stimulation (40 Hz) of the nerve with 
trains of 13 stimuli, each train lasting 330 ms and 
occuring once each second; 8 twitches to evaluate 
post-tetanic potentiation; and finally, two 100 Hz 
tetani. Force was measured using a force 
transducer to which the tendon of the test muscle 
was attached via a low-compliance dacron line. The 
compound muscle action potentials generated by the 
stimuli were recorded with a pair of intramuscular 
stainless-steel wire electrodes. The 13 action 
potentials associated with each train of stimuli 
during the fatigue test were averaged and 
quantification was based on the average waveform. 
Measurements on the average waveform were made 
of area relative to the isoelectric line and of peak- 
to-peak amplitude. Statistical differences were 
assessed with a t-test for two means. 

RESULTS 

It is well documented that male rats are larger 
than the females of a similar age (7). This is 
apparent in Table 1 in the measurements of whole- 
body and test-muscle mass in that the female values 
averaged 67% of those for the males. These size 
differences, however, were not affected by cage 
size since within each of the 4 animal groups the 
mass ol the two test muscles was not different; the 
average values for soleus and EDL were 0.23 and 
0.25 g for the males and 0.17 g for both muscles in 
the females. 

Qualitatively similar trends were apparent in 
the absolute force data in that there was no cage- 
size effect, but there was a partial gender effect. 
That is, the peak force exerted by EDL in response 
to a 330-ms train of 40 Hz stimuli was greater in 
males (X = 2.13 N) than females (X = 1.29 N). When 
the EDL force measurements were normalized 
relative to test-muscle mass, however, this 
difference disappeared. In contrast, the absolute 40 
Hz force exerted by soleus was not affected by cage 
size or gender despite gender differences in soleus 
mass. However, normalization of soleus force did 
reveal a cage-size effect in that the force exerted 
per unit muscle mass of the small-cage males (6.0 
N/g) was significantly less than the value for the 
large-cage males (7.9 N/g). 

In addition to these measures of size and 
force, the ability of the test muscles to sustain 
activity was also examined. The 4 measurements 
used to characterize this capability were fatigue 
index (FI), relaxation time, area and - amplitude of 
EMG. These 4 parameters are used as indices of 
contractile fatigue (FI; 2), the "energy-state" of the 
muscle (relaxation time; 4), and precontractile 
fatigue (EMG; 3). The test muscles were subjected 
to a standardized fatigue test, and the 4 measures 
were made at selected intervals throughout the test; 
the final values are reported in Table 1. There were 
no cage-size effects among any of these parameters 
for the test muscles of the female rats.' In contract, 
the males exhibited 3 differences: (1) a cage-size 
effect for the FI of soleus; (2) a gender effect for 
the FI of the large-cage rats; (3) a combined (cage- 
size and gender) effect for the EMG area of small- 
cage EDL. Taken together, these results suggest 
that male rats are more sedentary in the small 
cages (decreased normalized muscle force and FI for 
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Table 1. An overview of the effects of cage size during rearing and of gender on size, contractile, and 
electromyographic (EMC) characteristics of the test muscles. 



Mass 

Muscle Force a 

Fatigue 

Index* 1 

(%) 

Relaxation 

T»me c 

(ms) 

EMG 

Whole 

Body 

<g) 

Muscle 

<g) 

Absolute 

(N) 

Relative To 
Muscle Mass 
(N/g) 

Area 0 Amplitude'* 
(%) (96) 

Small Cage: 









Male: 

440 e i 

,f 








(20) 








Soleus 


0.240* 

1.42 

6.08 

898 

45 

103 

81 



(0.04) 

(0.41) 

(1.8) 

(21) 

(20) 

(34) 

(25) 

EDL 


0.260* 

2.05* 

8.0 

35 

31 

50*.g 

30 



. (0.03) 

(0.17) 

(1.2) 

(17) 

(8) 

(19) 

(25) 

Female: 

260 









(10) 








Soleus 


0.170 

1.35 

8.0 

96 

42 

132 

95 



(0.02) 

(0.16) 

(1.5) 

(14) • 

(22) 

(18) 

(37) 

EDL 


0.170 

1.14 

6.9 

33 

26 

20 

13 



(0.01) 

(0.27) 

(1.9) 

(18) 

(12) 

(14) 

(15) 

Large Cage: 









Male: 

430* 









(30) 








Soleus 


0.220* 

1.71 

7.9 

112* 

37 

127 

123 



(0.01) 

(0.15) 

(1.1) 

(13) 

(12) 

(23) 

(40) 

EDL 


0.240* 

2.21* 

9.4 

27 

39 

24 

9 



(0 . 02 ) 

(0.12) 

(1.1) 

(16) 

(ID 

(18) 

(6) 

Female: 

271 









(10) 








Soleus 


0.160 

1.40 

8.8 

87 

45 

135 

90 



(0.02) 

(0.19) 

(0.7) 

(18) 

(21) 

(34) 

(34) 

EDL 


0.170 

1.43 

- 8.4 

22 

26 

23 

7 



(0.01) 

(0.27) 

(1.8) 

(15) 

(9) 

(10) 

(4) 


a Peak force at 40 Hz; b Ratio of the peak 40 Hz force at 6 min relative to the initial value. The protocol involved a 
standard fatigue test (Burke et al., 1973); c Difference in the time for the force to decline to 20% of the peak force 
at the end of the fatigue test (6 min) relative to the initial tetanus; <* Values expressed relative to measurements on 
the initial average action potential; e Values are X (iSD); 1 p < 0.05 between males and females; g p < 0.05 between 
large and small cage 


soleus) and more active in the large cages (increased 

soleus FI). 

CONCLUSIONS 

1. Cage size and gender had minimal effects on 
changes in the EMG measures. 

2. Gender affected whole body mass, test muscle 
mass, and absolute force. 

3. Cage size and gender affected normalized force 
and fatigability. 

4. Since the cage-size effects were only present in 
the male rats, these results suggest caution in 
the interpretation of results based on this 
animal model. 
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